Study Objectives: The aims of the present study were to investigate how nighttime road traffic noise relates to self-reported symptoms of insomnia and sleep medication use. Methods: We used questionnaire data from the population-based study Health and Environment in Oslo (HELMILO) (2009)(2010); n = 13 019). The insomnia symptoms difficulties falling asleep, awakenings during the night, and waking up too early in the morning as well as self-reported sleep medication use were included as outcomes. Modeled noise levels (L night ) were assigned to each participant's home address. For selecting covariates to the statistical model, we used a directed acyclic graph. The associations between noise and sleep were analyzed using logistic regression models. Results: After adjustment for potential confounders, we found an odds ratio (OR) of 1.05 (95% confidence interval [CI]: 1.01-1.09) for the association between traffic noise and difficulties falling asleep, in the total study population. For the association between traffic noise and awakenings during the night, the OR was 1.04 (95% CI: 1.00-1.08) and for waking up too early, the OR was 1.06 (95% CI: 1.02-1.11). The effect estimates are given per 5-dB increase in traffic noise level (L night ). Self-reported sleep medication use was not statistically significantly associated with traffic noise exposure.
INTRODUCTION
According to the World Health Organization (WHO), nearly a million healthy life-years are lost each year in Western Europe because of sleep disturbances due to environmental noise exposure. 1 Noise is a factor that is present in the everyday life of people living in urban environments, and there is a decreasing availability of quiet places. 2 Furthermore, environmental noise has been recognized as a ubiquitous disruptor of sleep and is therefore of public health concern. 3 Previous studies on traffic noise and sleep have demonstrated physiological effects including sleep stage changes, delayed sleep onset, awakenings, increased body motility, and changes in heart rate. [4] [5] [6] [7] [8] [9] Besides the direct impact on sleep, nighttime traffic noise has also been associated with day after effects such as mood changes, 10 decreased cognitive performance, 11 morning tiredness, 12 and fatigue. 13 Also, long-term health effects including obesity, 14, 15 diabetes, 16 hypertension, [17] [18] [19] [20] [21] and cardiovascular disease [22] [23] [24] have been associated with traffic noise exposure. Independent of noise exposure, these health effects have also been associated with insufficient sleep, [25] [26] [27] [28] [29] [30] [31] suggesting that the association between long-term traffic noise exposure and these health outcomes is mediated through disturbed sleep.
In spite of the well-documented immediate effects of noise on sleep, there are few population-based studies on traffic noise and insomnia. Insomnia is defined as having difficulties initiating and maintaining sleep or waking up too early unable to go back to sleep; these symptoms should have occurred at least 3 times per week for 3 months, and negative daytime consequences should be present. 32 Furthermore, insomnia is the most common sleep disorder among adults. 33 A number of studies have investigated subjectively reported sleep disturbances due to noise, and exposure-response curves have been presented in a study having pooled datasets from 24 studies. 34 In these studies, participants were asked how much a particular noise source disturbed their sleep. Thus, noise is suggested as the cause of the sleep disturbances, and the participants may therefore overattribute sleep disturbances to traffic noise. 35 By rather asking participants about sleep disturbances in general without any reference to noise, or symptoms of insomnia, this bias could be reduced. Population-based studies having used this approach have indicated an association between road traffic noise and sleep disturbances. 36, 37 Sleep medication use can also be employed as an outcome reflecting sleeping problems. 38 Few studies have assessed the association between road traffic noise and sleep medication use, most of which found no association. 12, 39, 40 However, one study reported that road traffic noise could be associated with register-based sleep medication use. 41 In this large population-based study, we investigated the association between nighttime road traffic noise and symptoms of insomnia. In addition, we assessed the association between traffic noise and self-reported use of sleep medication.
METHODS

Study Population
We used data from the Health and Environment in Oslo (HELMILO) study, conducted in 2009-2010. In this study, a questionnaire was received by 27 097 Oslo inhabitants born in
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the years 1924-1925, 1940-1941, 1955, 1960, and 1970 . The response rate was 48% (n = 13 019). Using the national identification number, the study population was linked to data from Statistics Norway. A total of 881 participants were excluded because they had been living at their current address for less than 1 year, had moved out of Oslo before returning the questionnaire, or had not been assigned a noise exposure level due to missing or uncertain information about geographic coordinates of the residential address.
Outcome Variables
Symptoms of insomnia were indicated by the three types of sleep problems, difficulties falling asleep, awakenings during the night, and waking up too early, which are similar to the criteria of an insomnia diagnosis according to the Diagnostic and Statistical Manual of Mental Disorders (DSM). 32 The participants reported how frequently they had experienced these problems during the past 12 months according to the alternatives "never/rarely," "less than once per week," "1-2 times per week," "3-5 times per week," and "always/almost every night." We considered a frequency of 3 to 5 times per week or more as presence of insomnia symptoms and dichotomized this 5-point scale into ≥3-5 times per week versus <3-5 times per week.
The questionnaire included a single item on sleep medication use ("Do you use sleep medication?"). The participants reported whether they currently, previously, or never had used sleep medications. We dichotomized sleep medication use into current versus previous or never use.
Noise Exposure Assessment
Nighttime road traffic noise (L night , A-weighted nighttime equivalent noise level, 2300-0700 hours) was modeled for the most exposed facade of the building and assigned to each participant's home address using geographic coordinates. The noise levels were calculated according to The Nordic prediction method for road traffic noise 42, 43 using GIS methodology in the software package CadnaA. 44 The grids for the noise calculations were 5 × 5 m, and calculation height was 4 m above terrain. Within each grid, the noise level was interpolated at points along the facade with 3 m distance. Road traffic data included in the model (traffic counts, percentage heavy vehicles, speed limits, and diurnal distribution) were obtained from the Norwegian Public Roads Administration and the City of Oslo. Other inputs to the model were digitalized terrain data in 3D including topography, soft versus hard ground, location of buildings, and noise screens. The noise exposure assessment was based on the data used for strategic noise mapping for Oslo, conducted every 5 years in accordance with the European Environmental Noise Directive. 45 We had access to noise data calculated for the years 2006 and 2011. The noise mapping for 2011 46 was the one performed closest in time to the study period (2009) (2010) , and therefore, most participants were assigned a noise level for 2011. However, in the time between the study period and 2011, some buildings and noise screens had either been erected or demolished, and the road network had been restructured in some areas. Thus, in some cases, the road traffic noise data assessed for 2006 were evaluated to be more representative than the 2011 data. We therefore assigned the noise level calculated for 2006 to the dwellings where the noise level had either increased or decreased substantially (±3 dB) following these local changes (2.2%).
Covariates
In the procedure of selecting covariates to the statistical models, we used a directed acyclic graph (DAG). 47, 48 The DAG was developed using the Web-based software DAGitty 49 by including factors relevant for the association between traffic noise exposure and sleep disturbances, based on literature review of previous research. In Figure 1 , we have presented a simplified version of the DAG. The variables identified by the DAG were age, sex, marital status, alcohol use, smoking, physical activity, and night-shift work, in which age and sex were specified as compulsory variables for the final adjustment set. Further, it has been found that socially deprived individuals are exposed to higher noise levels than more socially advantaged individuals. 50 Thus, we added the socioeconomic factors educational level and household income to the final adjustment set.
Covariate data were obtained from both Statistics Norway and the HELMILO questionnaire. Information on age and sex was provided by Statistics Norway. For constructing the variable on marital status, we mainly used data from Statistics Norway but added information on cohabitation obtained from the questionnaire. Marital status was categorized as married/cohabiting, unmarried (never married), divorced/separated, and widow(er). Information on socioeconomic status was obtained from Statistics Norway. Educational level was categorized as low (elementary school/no formal education), medium (upper secondary education), and high (higher education). Pretax household income per year was categorized as Norwegian kroner (NOK) <500 000, NOK 500 000-NOK <1 000 000, and NOK ≥1 000 000.
The following lifestyle variables were obtained from the questionnaire: alcohol use during the previous year (never been drinking/not been drinking the last year, been drinking ≤3 times/month, 1-3 times/week, and 4-7 times/week), smoking status (current, previous, or never daily smoker), and physical activity (sedentary [mostly sedentary activities], moderately active [light physical activity at least 2-4 hours a week], and highly active [heavy physical activity at least four hours a week]). Night-shift work was categorized according to number of years the participants had worked regular night shifts (0 years, 1-<5 years, and ≥5 years).
Statistical Analyses
We used logistic regression for modeling the associations between road traffic noise and symptoms of insomnia and sleep medication use, respectively. For the analyses of the total study population, we ran two models for each association: In Model 1, we adjusted for age and sex, and in Model 2 we adjusted for the variables identified in the DAG and the socioeconomic factors educational level and income. For each analysis, we excluded observations with missing values on any of the variables in Model 2.
The noise levels were modeled at the most exposed facade of each participant's residential address. We therefore performed additional analyses for participants who reported to have their bedroom facing a road, assuming they had a more accurate noise exposure than participants with their bedroom located at a shielded facade.
The tendency to keep the bedroom window open or closed affects the actual noise level the participants are exposed to. To address this issue, we performed sensitivity analyses, where we included only the participants who reported to sleep with the bedroom window open (n = 10 734). We performed these sensitivity analyses both for the total study population and among individuals with their bedroom facing a road.
Working regular night shifts over a prolonged period of time may have severe consequences for sleep quality. 51 Night-shift workers may therefore experience sleep problems for other reasons than the exposure to traffic noise. In addition, regular night-shift workers have their sleeping period during daytime rather than nighttime which does not fit the applied exposure data as the noise levels are estimated for nighttime. Thus, we performed sensitivity analyses, where we excluded individuals who reported regular night shifts for 1 year or more (n = 2046).
Sleep medication use could potentially affect how the participants respond to questions concerning sleep quality. A sleep medication user could, for instance, report to sleep well due to the effect of the medications. However, it is also possible that someone using sleep medications could report to have disturbed sleep because of being dependent on medications in order to sleep. Because of these uncertainties in interpreting questions on sleep disturbances, we performed additional analyses where we stratified the study population into sleep medication users and nonusers.
Indications that noise exposure may affect sleep differently in men and women have been reported. 52 Thus, we tested the interaction between road traffic noise and sex on the insomnia symptoms and sleep medication use by means of the log-likelihood test.
The results are reported as changes in the effect estimate per 5-dB increase in noise level. We used the 5% level of significance for all statistical analyses, except for the test of interaction for which we used the 10% level. Statistical analyses were carried out in STATA version 13 (StataCorp, College Station, Texas). In order to visualize the associations between traffic noise and each insomnia symptom and sleep medication use, we estimated a smooth function of the associations using nonparametric regression spline as smoother. Such models are named Generalized Additive Models (GAM). We used the function gam in library mgcv in the R statistical software version 3.2.4 (The R Project for Statistical Computing, Vienna, Austria) to estimate the splines with 95% confidence limits.
RESULTS
The modeled noise levels in the total study population ranged from L night 7.6 dB to L night 70.8 dB with a mean of L night 47.2 dB (SD = ±8.0). Table 1 shows characteristics of the study population in total and by three categories of traffic noise exposure. There was a larger proportion of women than men participating in the study. Individuals in the category of high noise exposure were characterized as being in the youngest age-group, unmarried, divorced or separated, having no formal education or elementary school only, and having low household income, compared to those exposed to lower noise levels. Regarding lifestyle, we found higher proportions of smokers and sedentary individuals in the highest noise category. In this study population of adults, the prevalence of the various insomnia symptoms was 10.6% for difficulties falling asleep, 12.8% for awakenings during the night, and 11.0% for waking up too early. Furthermore, 11.0% reported to currently use sleep medications.
Of the total study population, 31.6% (n = 3803) reported to have their bedroom facing a road. In this subpopulation, the proportion of individuals reporting insomnia symptoms and sleep medication use was higher than in the total study population (Table S1 ).
In the total study population, there were statistically significant associations between road traffic noise and all three symptoms of insomnia ( Table 2 ). The strongest associations were observed in the age-and sex-adjusted model (Model 1). In the model adjusted for potential confounders (Model 2), we found that all three symptoms of insomnia, difficulties falling asleep, awakenings during the night, and waking up too early, were positively associated with a 5-dB increase in traffic noise level. However, the association between traffic noise and awakenings during the night was somewhat weaker and only borderline statistically significant. Regarding sleep medication use, the results indicated no association with traffic noise exposure. Among individuals with their bedroom facing a road, we found a higher effect estimate for the association between traffic noise exposure and difficulties falling asleep, compared to the total study population. There was, however, a decrease in the estimates for awakenings during the night, waking up too early, and sleep medication use, respectively ( Table 2) .
The splines of the association between traffic noise and each insomnia symptom and sleep medication use are shown in Figure 2 . An exposure-response relationship was shown for the association between traffic noise and difficulties falling asleep and waking up too early, respectively. The shape of the spline for awakenings during the night, however, indicated a more uncertain relationship with road traffic noise. The spline of the association between traffic noise and difficulties falling asleep was steeper among those having their bedroom facing a road than for the total population ( Figure S1 ). In the sensitivity analyses where only individuals reporting to sleep with their bedroom window open were included, we observed only a slight increase in the effect estimate for waking up to early in the total study population. However, for individuals having their bedroom facing a road, the effect estimate increased for difficulties falling asleep and awakenings during the night (Table S2) .
After having excluded night-shift workers in the sensitivity analyses, we observed a slight increase in the effect estimate in Model 2 for the association between traffic noise exposure and difficulties falling asleep (odds ratio [OR] = 1.06; 95% confidence interval [CI]: 1.01-1.11), compared to the total study population. For the other two insomnia symptoms, there were no changes in the effect estimates (Table S3) .
In Table 3 , we have presented the results from the analyses stratified on sleep medication use. We found no statistically significant association between traffic noise and insomnia symptoms among the sleep medication users. For the nonusers, on the other hand, higher effect estimates were shown compared to the total study population (Table 2) , except for waking up too early. The largest increase in effect estimate, compared with the total study population, was observed for the outcome difficulties falling asleep. In Figure 3 , we have presented splines of the association between traffic noise and difficulties falling asleep among both users and nonusers of sleep medications. An exposure-response relationship was indicated among nonusers but not among sleep medication users. Furthermore, the spline for nonusers of sleep medication ( Figure 3 ) was steeper than the spline for the total study population (Figure 2) .
The tests of interaction between traffic noise exposure and sex on insomnia symptoms and sleep medication use were not statistically significant with p values ranging from .16 to .89.
DISCUSSION
In this population-based study, we observed statistically significant associations between road traffic noise and insomnia symptoms. Visual assessment of the splines of these associations revealed exposure-response relationships between traffic noise and difficulties falling asleep and waking up too early, respectively. We found no association between traffic noise and sleep medication use.
In the present study, we found that the proportion reporting the different insomnia symptoms ranged from 10.6% to 12.8% which is close to the estimated proportion having insomnia in Norway (11.7%). 53 In the total study population, the effect estimates for the association between road traffic noise and difficulties falling asleep and waking up too early were similar. The estimate for awakenings during the night was somewhat lower. This may be due to the fact that traffic volumes are lower during the middle of the night than in the late evening and early morning.
The spline for the association between traffic noise and awakenings during the night indicated a tendency toward an inverse association from traffic noise levels around 55 dB. This may indicate that awakenings during the central part of the night are not as sensitive to traffic noise as the other two outcomes. This further suggests that the sleep phases in the start and end of the night are particularly vulnerable to noise. An experimental study investigating the effect of traffic curfews in order to prevent sleep disturbances reported that traffic curfews were most beneficial in the end of the night. 54 Furthermore, the noise indicator L night represents the average noise level of the period from 23:00 to 07:00, while the sleep outcomes difficulties falling asleep, awakenings during the night, and waking up too early relate to different time periods of the night. Ideally, more specific time frames of the night could have been used for each outcome in the estimation of noise exposure. However, no such data were available, and the average noise level like L night is commonly used in scientific studies and is currently used by WHO for providing guidelines for nighttime noise. In the present study, no association between traffic noise and self-reported sleep medication use was found. Although sleep medication use may be a proxy for sleep problems, this outcome may also cover more severe sleep disorders as well as anxiety and depression. 56 Thus, other mechanisms than those induced by traffic noise may be more important when it comes to sleep medication use. Previous research shows conflicting results with respect to a possible association between traffic noise and sleep medication use. A large register-based study reported an association among individuals living in areas low in social deprivation. 41 Furthermore, in line with the present study, null findings have also been reported. 12, 39, 40 Some of the inconsistency in the results of the previous research may relate to that some studies have used self-reports of sleep medications as outcome and others have applied register-based medication use.
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Another issue regarding self-reported sleep medication use as an outcome is that the respondents' definition of sleep medications may vary. 38 Some might define sleep medications as prescription required medications only, such as hypnotics, while others might define it less strictly and include over-the-counter sleep aids in their definition. A more specific outcome on sleep medication use could have been obtained by having the participants report what type of sleep medication they used and the reasons for using it.
Although sleep medication use could certainly affect the association between noise and sleep disturbances, 57 individual use of sleep medications has rarely been taken into account in population-based studies on traffic noise and sleep disturbances. Exclusion of sleep medication users has been a more common practice in experimental studies on noise and sleep. 8, 58, 59 To our knowledge, only one population-based study on self-reported sleep disturbances has taken sleep medication use into consideration by excluding regular sleep medication users from the analyses. 37 In the present study, instead of solely excluding sleep medication users from the analyses, we performed stratified analyses, which enabled us to compare the effect estimates for nonusers with the total study population as well as with the users of sleep medication. The results from the stratified analyses showed a clear increase in the effect estimate for difficulties falling asleep among nonusers, compared to the total study population. For the other insomnia symptoms, there were only minor changes. No associations were found among the users. That we only observed a clear increase for difficulties falling asleep is not surprising, as the majority of sleep medications involve agents working to enhance sleep-promoting systems. 60 In large-scale studies, noise exposure is commonly modeled for the most exposed side of the residential building, although the bedroom may be located on a shielded side. Therefore, by not accounting for bedroom location, the effect of traffic noise on sleep could be underestimated. 34 ,37,61,62 Furthermore, not being able to account for bedroom location has been reported as a limitation in previous research. 34, 36, 37 In the present study, we had self-reported data on whether the participants' bedrooms were facing a road or a shielded side of their homes. We further defined a subpopulation of individuals having their bedroom facing a road. Assuming that the side of the home facing a road is the most noise exposed side this subpopulation was likely to have a more precisely assigned noise exposure than the rest of the study population. We observed an increase in the effect estimate for the association between traffic noise and difficulties falling asleep in this subpopulation, which may indicate an underestimation of the same association in the total study population. This increase in effect estimate further suggests that the process of falling asleep may be particularly vulnerable to road traffic noise. This is in line with previous research reporting that individuals sleeping on the street side of the building have more difficulties falling asleep and have longer sleep onset latency than those sleeping on a more quiet side. 58 From another perspective, if the bedroom window is facing a yard, water, or green space, sleep problems have been found to be less likely. 63 The effect estimate for waking up too early was reduced among individuals with the bedroom facing a road, compared with the total study population, whereas the effect estimate for awakenings during the night remained similar. The reduction in the effect estimate for waking up too early may indicate a more uncertain association with traffic noise for this outcome.
Among the participants keeping their bedroom window open, we observed only slight changes in the effect estimates, compared to the total study population. However, in the subpopulation having the bedroom facing a road, there was an increase in the effect estimates for difficulties falling asleep and awakenings during the night. Assuming a more precisely assigned nighttime noise exposure for those having the bedroom facing a road, it is not surprising that the associations were even stronger among individuals sleeping with the bedroom window open.
After having excluded night-shift workers for the sensitivity analysis, we observed a slight increase in the effect estimate for the association between traffic noise and difficulties falling asleep. The estimates for the other insomnia symptoms and for sleep medication use remained unchanged after exclusion of night-shift workers. However, a limitation with our data on night-shift work is that we could not separate current nightshift work from previous night-shift work. If a participant had worked regular night shifts many years ago, it may not be relevant for sleep disturbances at the time of the present study.
Strengths
Strengths of the present study include that we used data from a large population-based study (HELMILO) specifically designed to examine health effects from environmental exposures. We used modeled levels of noise exposure, obtained independent of the respondents' report of sleep disturbances and other questionnaire information, preventing information bias. There was a broad range in the noise exposure level, which strengthened the opportunity to detect associations. We had information on whether the participants' bedrooms were facing a road or a shielded side of the building and could therefore define a subpopulation with noise exposure outside the bedroom. In order to further reduce exposure misclassification, we performed sensitivity analyses for individuals reporting to sleep with their bedroom window open. By collecting information about both difficulties falling asleep, and awakenings, both during the night and in the early morning, we were able to assess how nighttime traffic noise was related to sleep during different periods of the night. Furthermore, we had information on a large set of potential confounders. By using a DAG for confounder selection, we went through a thorough process for defining the statistical model and thereby minimized bias. 64 
Limitations
Some limitations apply to this study. First, the study is crosssectional; hence, we cannot know whether the sleep problems were already present prior to the noise exposure. However, sleep disturbances as a response to noise can be fairly acute, so a longitudinal study for assessing this association is not necessarily needed. Furthermore, by excluding those having lived at their home address for less than 1 year, we can assume that the noise exposure level for the respondents has been stable for some period of time. A response rate of 48% is not optimal regarding representativeness. Although the generalizability of the study may be affected by a low response rate, this is only the case if the relationship between exposure and outcome is different among the study participants and those who did not participate. 65 Another limitation is that the questionnaire did not include information on daytime functioning following sleep disturbances. Having information on daytime functioning would have enabled us to generate an outcome more in line with the diagnostic criteria for insomnia according to DSM-V. 32 Regarding potential inaccuracy in noise exposure assessment, we did not have information on sound insulation factors such as type of bedroom window, ventilation, and facade insulation, which affects the transmission of outdoor traffic noise to inside the bedroom. Random error in estimates of exposure would probably dilute the associations between exposure and outcomes.
CONCLUSION
We observed exposure-response relationships between nighttime road traffic noise and difficulties falling asleep and waking up too early. These findings indicate that individuals exposed to high levels of nighttime traffic noise might suffer from insufficient sleep. Among individuals with the bedroom facing a road, the effect estimate for difficulties falling asleep was increased, compared to the total study population. Of the insomnia symptoms we explored, difficulties falling asleep seemed to be the most vulnerable to traffic noise. Our results did, however, not indicate an association between traffic noise and sleep medication use.
In order to improve the validity of the results in future population-based studies, standardized questionnaires on sleep disturbances should be applied. Furthermore, traffic noise exposure should be estimated for the bedroom facade of the participants' homes. The findings of the present study may contribute to future health impact assessments for nighttime road traffic noise, which can in turn be used for noise abatements and thereby improve sleep quality for people living in areas highly exposed to traffic noise.
